A sensitive adsorptive stripping voltammetric method for the determination of dinitrophenolic herbicides, dinoseb (DSB) and dinoterb (DTB) at a bare carbon paste electrode (CPE) and a clay modified carbon paste electrode (CMCPE) was developed. A systematic study of various experimental conditions, such as the pH, accumulation variables and composition of a modifier on the adsorptive stripping response, were examined by using differential pulse voltammetry. A significant improvement was observed in the sensitivity by using the present method with CMCPE. When CMCPE was used, a linear response was obtained over the concentration range 2 × 10 -10 to 3 × 10 -7 M and 6 × 10 -10 to 6 × 10 -7 M with lower detection limits of 1 × 10 -10 M and 5.4 × 10 -10 M for dinoseb and dinoterb, respectively, at an accumulation time of 100 s. The interference from other herbicides and ions on the stripping signals of both compounds was also evaluated. The described method was applied to estimate of the dinoseb and dinoterb in environmental samples.
Dinoseb (2-sec-butyl-4,6-dinitro phenol) and dinoterb (2-tertbutyl-4,6-dinitro phenol) are members of the dinitro phenol family of pesticides, a class of compounds used widely as herbicides and insecticides. They have long persistence, which leads to an accumulation in soil. Several analytical methods have been developed for the determination of herbicides. These are HPLC with amperometric detection, 1,2 HPLC-UV [3] [4] [5] [6] [7] and GC-ECD. [8] [9] [10] [11] However, in these methods, the separation is often complex, time consuming and involves expensive apparatus. For these reasons, there is a need to develop a method which is faster, simple and accurate for the determination of dinoseb and dinoterb in environmental samples. Electroanalytical methods, such as coulometric 12 and differential pulse polarography at DME, 13 have also been reported in the literature. Modern electroanalytical methods which allow for the accumulation of analytes on the electrodes through a non-electrolytic process lead to the development of very sensitive, selective and rapid techniques, such as adsorptive stripping voltammetry, which has been widely employed for the trace determination of organic compounds. An extensive survey on adsorptive stripping voltammetry and its applications has been published. 14 Adsorptive stripping voltammetric determinations of dinoseb at HMDE and MFE have been reported in the literature. 15, 16 In modern voltammetry, different types of electrodes are applied for the determination of organic species in environmental samples as well as in biological samples. 17, 18 The use of carbon paste electrodes (CPEs) for electroanalysis has gained popularity due to its lower charging current, its high analytical sensitivity and the CPE may be advantageously modified in order to improve the selectivity and sensitivity. 19, 20 Modified carbon-paste electrodes have been proved to be useful analytical tools, which can be designed to possess certain desired functions. In addition, they are easy to prepare and use, and exhibit good sensitivity and reproducibility. Several groups have reported the use of clays in modifying electrodes. [21] [22] [23] [24] [25] [26] These materials are able to adsorb and incorporate electroactive species for the determination of an analyte.
The purpose of the present work was to establish a sensitive and selective analytical method for the determination of DSB and DTB in selected matrices in a simple, fast and inexpensive way. The working electrodes employed in this study offer the advantages of being simple, easy to prepare and inexpensive. The combined properties, such as reactivity and selectivity of clays, and the advantages of electrodes make it possible to carry out routine analyses of the above-mentioned compounds in environmental matrices. The optimum experimental conditions, such as the accumulation time, accumulation potential, pH, clay composition and other instrumental parameters, were investigated.
Experimental

Apparatus
Differential pulse adsorptive stripping voltammetric (DPAdSV) measurements were performed with a Metrohm E-506 (Herisau, Switzerland) Polarecord equipped with a Metrohm 663 VA stand and Metrohm E-608. Cyclic voltammetric measurements were carried out with a Metrohm 757 VA (Herisau, Switzerland) Computrace.
A three-electrode assembly consisted of a platinum counter electrode, a saturated Ag/AgCl reference electrode and a bare CPE or clay (Sepiolite) modified carbon paste electrode as working electrodes. pH measurements were carried out with a Metrohm 632 pH meter. All measurements were performed at room temperature. All other chemicals used were of analytical reagent grade.
Reagents and solutions
Dinoseb and dinoterb (Reidel de Haen, Germany) stock solutions (1 × 10 -3 M) were prepared by dissolving an appropriate amount of pesticides in acetonitrile. More dilution of standard solutions was prepared by dilution with a suitable amount of triple-distilled water. A Britton-Robinson (BR) buffer solution was used as the supporting electrolyte (0.04 M in acetic acid, phosphoric acid and boric acid). The pH was adjusted with a 0.2 M NaOH solution. All chemicals and solvents were of analytical reagent grade.
Preparation of a working electrode
Carbon paste was prepared by the hand mixing of spectroscopic-grade graphite powder (Fluka, India, particle size <42 µm) and liquid paraffin oil (E-Merck, India, 1:1 w/w) in a mortar and pestle. Different proportions of sepiolite, clay (previously ground to a particle size 0.42 µm) were added to this in order to obtain a modified carbon paste. The carbon paste was placed in the corpus of an electrode (PTFE 7 mm o.d., 3 mm deep, 3 mm i.d.) using a spatula, and electric contact was made with a copper wire in the center of the rod. The surface of the paste was polished with white paper until it obtained a shinning appearance.
Voltammetric procedure
Appropriate amounts of DSB and DTB standard stock solutions were placed in a cell containing a buffer solution. A stream of oxygen-free nitrogen gas was purged through the solution for 10 min. The electrode was kept in the cell, and the solution was stirred at 2000 rpm at a chosen accumulation potential throughout the selected accumulation period. The stirring was then stopped after a 10 s rest period, and a cathodic sweep was carried out towards more negative potentials
Voltammetric parameters
In order to select suitable conditions for the determination of DSB and DTB using DPV, various instrumental parameters were studied. A pulse amplitude of 50 mV was selected because the peak current was increased linearly up to 50 mV when the pulse amplitude was varied over 10 -50 mV. The scan rate was varied from 1 mV s -1 to 10 mV s -1 . The best result was obtained with 4 mV s -1 . To select a suitable medium for DP-AdSV studies, various supporting electrolytes, such as 0.1 M HCl, 0.1 M HClO4, acetate buffer, phosphate buffer and BR buffer solutions, were tested. The most well-defined signal with a reasonably high sensitivity was obtained with a BR buffer of pH 4.0. In order to improve the sensitivity of the signal, different compositions of sepiolite (clay) were employed as a modifier. The most well-defined signal was obtained with a composition of 10%. For higher compositions of the sepiolite, residual currents were increasing, and for lower ones the peak currents were decreasing.
Results and Discussion
Cyclic voltammetry Cyclic voltammograms of 1 × 10 -7 M DSB and DTB solutions in a BR buffer of pH 4.0 at CMCPE and CPE were recorded without any accumulation time, and with accumulation times of 100 s and 200 s and an accumulation potential of 0.0 V as shown in Figs. 1 and 2 . Under the experimental conditions, the two compounds yielded two peaks, which were attributed to reduction of the nitro group, as described earlier. 15 No peaks were observed in the anodic scan, and the Ep values shifted towards more negative potentials for both waves when the scan rate was increased, indicating that both reduction processes were irreversible at both electrodes. The slopes of log ip vs. log v plots within the range 20 -1000 mV s -1 were around 0.90 ± 0.03 and 0.85 ± 0.02 for the first peak of both compounds at CMCPE; the values are very close to those theoretically expected for systems where there is an adsorption. As can be seen from Figs. 1 and 2, the peak currents obtained at CMCPE for both compounds without any accumulation time are found to be higher than the CPE. This may be due to the fact that clays are complex microporous media, which have an appreciable surface area and unusual intercalation properties towards organic molecules. 25 
Differential pulse AdSV studies
When the potential was scanned from 0.0 V and so on, dinoseb and dinoterb yielded two peaks at CPE and CMCPE (Figs. 3 and 4) . Because the first peak was more intense than the second one, it was selected for analysis purposes for both processes. The experimental parameters that affect the AdSV signal were carried out by considering the first peak in order to establish the optimum conditions. The standard addition method was employed to estimate compounds in environmental matrices
Effect of the pH
The pH of a solution is a critical factor affecting both the rate and equilibrium state of the accumulation process and the rate of the electrode reaction. The influence of the pH on the DPAdSV response was studied at bare CPE and CMCPE of the 1 × 10 -7 M for both compounds with accumulation times of 100 s and 200 s for the respective electrodes between pH 2.0 to 10.0. It can be observed from Figs. 5 and 6 that the maximum peak currents were obtained with pH 4.0. When the pH was increased from 2.0 to 10.0, the peak potentials shifted towards more negative values, indicating proton participation in the reduction process.
Effect of the accumulation potential
The influence of the accumulation potential on the AdSV signal was studied with accumulation times of 100 s and 200 s at CMCPE and CPE for 1 × 10 -7 M DSB and DTB solutions (Fig. 7) . From the figure it was observed that the ip values for dinoterb were maximum at 0.0 V, whereas for dinoseb the effect of the accumulation potential on the peak current was less pronounced, although the obtained ip values were maximum at 0.0 V. The maximum peak current at an accumulation potential of 0.0 V for pH 4.0 is because of an increased accumulation rate, due to the more favorable alignment of the molecules by the electric field at the electrode solution interface.
Effect of the accumulation time
The dependence of the peak current on the accumulation time was studied at a concentration level of 1 × 10 -7 M for dinoseb and dinoterb. Sharp increasing peak currents were obtained up to 100 s and 200 s at CMCPE and CPE, respectively, for both compounds (Figs. 8 and 9 ). For longer times above 100 s and 200 s, the peak current practically leveled off. For further analytical studies, an accumulation time of 100 s was chosen at CMCPE.
By using CMCPE, we studied the experimental parameters, which affect the stripping signal. We observed that the influence of the parameters was the same as those obtained by CPE. Only the accumulation time varied by decreasing by half (100 s). This decrease in the accumulation time at CMCPE may be explained by strong adsorption of the compound on the electrode.
Statistical parameters
With the aid of DP-AdSV, the observed linearity ranges at CMCPE were 2 × 10 -10 M to 3 × 10 -7 M and 6 × 10 -10 to 6 × 10 -7 M with lower detection limits of 1 × 10 -10 M and 5.4 × 10 -10 M for DSB and DTB, respectively. The linearity ranges at CPE for DSB and DTB were found to be linear over the concentration range 3 × 10 -9 to 4 × 10 -7 M and 4 × 10 -9 to 8 × 10 -7 M with lower detection limits of 2.0 × 10 -9 M and 3.6 × 10 -9 M for the respective compounds The limit of detection and the limit of quantification were calculated using the expressions 3 SD/m 27 and 10 SD/m (SD is the standard deviation (n = 10), m is the slope of the calibration plot). The statistical results are given in Table 1 .
Quantitative Analysis
Determination of dinoseb in spiked water samples
A 100 ml sample of tap water was spiked with different concentrations of DSB and DTB, and shaken for a few minutes. The samples were then filtered through a Whatmann Nylon ® membrane filter (0.45 µm pore size), and the filtrate was passed through a Sep-Pak C18 cartridge previously activated with 10 ml of dichloromethane; elution was carried out with 30 ml of dichloromethane. The organic phase was evaporated in an ordinary rotatory vacuum evaporator. The residues were dissolved in acetonitrile and added to cell containing a buffer solution. The recoveries are given in Table 2 . The recoveries obtained for the dinoseb in water samples by the present method were compared with those of the previously reported GC-ECD method; 10 the results were found to be in good agreement with that method. ; pulse amplitude, 50 mV; concentration, 1 × 10 -7 M. Fig. 9 Effect of the accumulation time on the DP-AdSV response of dinoterb and dinoseb at CMCPE in pH 4.0; all other conditions as in Fig. 8 . 
Determination of dinoseb in soil samples
Collected soil samples were air dried and allowed to pass through a 2.8 mm sieve and subsequently homogenized in a ball mill. Aliquots (50 g) of soil sample were added with known amounts of both solutions, and kept in contact for 24 h. After this period, the mixture was extracted with 20 ml of dichloromethane three times. The solvent was evaporated and the residue was dissolved in acetonitrile and subjected to voltammetry. By means of the standard addition method, the quantity of herbicide was estimated; the recoveries are given in Table 3 . The recoveries of dinoseb in soil samples were compared with those of the GC-ECD method. The recovery values were found to be in close agreement with that values obtained by the reference method.
Determination of herbicide in spiked apple juice samples
Commercial apple juice samples were obtained from local markets. A 100-ml aliquot of juice sample was spiked with known amounts of dinoseb and dinoterb stock solutions at different concentration levels. The extraction procedure was carried out as per the previously published one. 16 The residue was dissolved in acetonitrile and placed into a cell containing a suitable buffer solution. The standard addition method was used to estimate the compounds in these samples. The recoveries obtained for dinoseb in juice samples are found to be comparatively high compared to those of the reference method. 16 They are presented in Table 4 .
Interference studies
The effect of the presence of other herbicides, such as methoprotryne, terbutryne, simizine and propazine, on DPAdSV signal was studied. Under the experimental conditions, these gave signals at -1.09 V, -1.07 V, -0.96 V and -0.98 V, respectively, and do not interfere with the analyte signal.
The interference of some inorganic cations (Pb 2+ , Cd 2+ , Zn 2+ , Co 3+ ) which are usually present along with soil and water samples were carried out. The reduction potential of Pb 2+ is close to those of DSB and DTB, and decreases the stripping signal of both compounds (1 × 10 -7 M) by about 30%. The remaining cations do not show any appreciable change in the stripping signals of both compounds. The mutual interference of the herbicides at a concentration level of 1 × 10 -7 M was carried out. The interferent molar ratios of DSB to DTB and DTB to DSB were of 1:0.4 and 1:0.3 with relative errors of 4.0% and 3.0%, respectively.
Conclusions
The proposed method was proved to be suitable for the selective determination of dinoseb and dinoterb in environmental samples without any preliminary separations. Due to the stability and low cost of CMCPE, it offers a good alternative method to the previous methods used in the routine analysis of these herbicides. The main advantage of the new method is a higher sensitivity and less influence of the matrix effects. 
